) increases the density of XNeuroD mRNA. Endogenous X-ngnr-1 expression of neurons that differentiate within each of the three becomes restricted to subsets of cells by lateral inhibiterritories of primary neurogenesis (medial, intermedition, mediated by X-Delta-1 and X-Notch. The properate, and lateral), but does not increase the overall area ties of X-NGNR-1 are thus analogous to those of the of the neural plate . Conversely, Drosophila proneural genes, suggesting that it funcexpression of constitutively active forms of X-Notch-1 tions as a vertebrate neuronal determination factor. suppresses primary neurogenesis (Coffman et al., 1990 (Coffman et al., , 1993 Chitnis, 1995) . These data further suggest that Introduction the prospective territories of primary neurogenesis are Transcription factors in the basic-helix-loop-helix analogous to proneural clusters in Drosophila. This in (bHLH) family play a central role in cell type determinaturn implies the existence of one or more bHLH proteins tion in several tissues and organisms (for reviews, see whose expression defines these prospective neuro Weintraub, 1993; . Moreover, within genic territories. a given lineage multiple, functionally interchangeable Several bHLH proteins expressed during Xenopus bHLH proteins often act in cascades .
neurogenesis have been identified. One such protein, For example, at least four different bHLH proteins are NeuroD, can exert a neuronal determination function sequentially expressed during murine muscle developwhen ectopically expressed, but the timing of its exment: MyoD/myf5, myogenin, and MRF4 (Olson and pression in vivo suggests it is more likely to function Klein, 1994) . Similarly, in Drosophila peripheral neuroin differentiation . Several Xenopus genesis expression of the proneural genes achaetehomologs of achaete-scute have also been identified scute is followed by that of asense (Brand et al., 1993; (Ferreiro et al., 1992; Zimmerman et al., 1993; Turner and Domínguez and Campuzano, 1993; Jarman et al., Weintraub, 1994) . Ectopic expression of one of these, 1993a). It has been suggested that early-acting bHLH XASH-3, can induce neural plate expansion (Ferreiro proteins control determination, while later-acting ones et al., 1994; Turner and Weintraub, 1994) or ectopic control differentiation (Weintraub, 1993) . Although nuneurogenesis within the neural plate (Chitnis and Kinmerous bHLH proteins expressed during vertebrate tner, 1996), depending on the dose of injected RNA. neurogenesis have been identified (Johnson et al., 1990;  Unlike NeuroD, however, XASH-3 is incapable of con- Akazawa et al., 1992; Ferreiro et al., 1992; Sasai et al., verting epidermal cells to neurons. Moreover, XASH-3 1992; Ishibashi et al., 1993; Turner and Weintraub, 1994;  is expressed in a very restricted region of the neural Akazawa et al., 1995; Lee et al., 1995; Shimizu et al., plate, corresponding to the future sulcus limitans (Zim-1995) , most of these are expressed at relatively late merman et al., 1993) . Thus, there must be other bHLH stages of differentiation; none so far exhibits the propergenes whose expression pattern and function are more ties expected of a neural determination factor (Guillemot consistent with a determination function. Sommer et al., 1995; and see below) .
In this paper we report the identification of such a One feature that characterizes neural determination gene, called neurogenin (ngn). In both mouse and Xenogenes in Drosophila is their interaction with the genetic pus, expression of NEUROGENIN precedes and overcircuitry underlying lateral inhibition. Lateral inhibitory laps that of NeuroD. In Xenopus, moreover, its expression defines the three territories of prospective primary interactions between neuroectodermal cells, mediated (A) Alignment of the entire predicted amino acid sequences of rat NEUROGENIN and a Xenopus NEUROGENIN-related protein, X-NGNR-1.a. The bHLH region is marked in bold type. Solid lines indicate amino acid identity; the dots, conservative substitutions. The initiator methionine was selected based on Kozak's rules (Kozak, 1984) and identification of in-frame up-stream termination codons (data not shown). (B) Alignment of the NEUROGENIN bHLH domain with other bHLH domains. Identity is shown by bold type. References for the compared sequences are as follows: NeuroD /BETA2 (Naya et al., 1995) , MATH-2/Nex-1 (Bartholomä and Nave, 1994; Shimizu et al., 1995) , MATH-1 , KW8 (Kume et al., 1996) , Drosophila atonal (Jarman et al., 1993b) , MASH1 (Johnson et al., 1990) , AS-C T5 (Villares and Cabrera, 1987). neurogenesis. Ectopic expression of Xenopus NEURO-1995) , as well as distantly related to Drosophila atonal ( Figure 1B ) (Jarman et al., 1993b) . GENIN-related-1 (X-NGNR-1) induces ectopic primary neurogenesis and ectopic expression of endogenous Preliminary experiments indicated that mouse ngn mRNA caused ectopic neurogenesis when microinXNeuroD (but not vice-versa), suggesting that these two bHLH proteins function in a unidirectional cascade. Furjected into Xenopus embryos (data not shown). To determine whether this phenotype reflected the existence of thermore, the density of cells expressing endogenous X-ngnr-1 within each of the three primary neurogenic a Xenopus gene with similar functional characteristics, we screened a stage 17 (St. 17) Xenopus cDNA library territories appears to be controlled by the Notch-Delta lateral inhibitory circuitry. Thus X-ngnr-1 appears to be at low stringency with a murine ngn cDNA probe. Several ngn-related cDNAs were obtained. This cDNA, which a leading candidate for a vertebrate neuronal determination gene.
we have named Xenopus ngn-related-1 (X-ngnr-1), encodes a polypeptide of 215 amino acids displaying 82% sequence identity to rat NEUROGENIN within the bHLH Results domain ( Figure 1B ). Although homology was more limited in the regions flanking the bHLH domain (Figure Isolation of Murine and Xenopus neurogenin cDNA Clones 1A), X-NGNR-1 appears most closely related to murine NEUROGENIN of all the cDNAs we isolated (based on Previous work has identified MASH1 as a bHLH protein expressed in autonomic but not sensory ganglia of the the relative strength of its hybridization signal to the mouse probe [data not shown]). mammalian PNS (Johnson et al., 1990; Lo et al., 1991; Guillemot and Joyner, 1993; Guillemot et al., 1993) . We sought to isolate cDNAs encoding bHLH proteins expressed, conversely, in sensory but not autonomic ganSequential Expression of neurogenin and NeuroD during Mouse and Xenopus Neurogenesis glia. Degenerate reverse transcriptase polymerase chain reaction (RT-PCR) was performed using cDNA A preliminary analysis of ngn mRNA expression in mouse embryos by in situ hybridization revealed that prepared from embryonic day 13.5 (E13.5) rat dorsal root ganglia (DRG), using oligonucleotide primers deexpression of this gene is apparently restricted to the nervous system ( Figure 2 , and data not shown). Within rived from conserved regions of bHLH subfamilies including MASH1 and NeuroD (see Experimental Procethe nervous system, the expression of neurogenin is spatially or lineally restricted; for example it is expressed dures). Characterization of the PCR products derived from this experiment revealed a cDNA encoding a novel in the ventral half of the spinal cord, except for a narrow domain just below the roofplate (Figure 2A ). In the pebHLH domain related to that of NeuroD ( Figure 1B) . This fragment was then used to isolate longer clones from ripheral nervous system, ngn mRNA is expressed in developing sensory but not in autonomic ganglia (Figure an E13.5 rat DRG cDNA library. A 1.7 kb cDNA was obtained, encoding a predicted protein of 244 amino 2A, arrow, and data not shown). A more detailed characterization of ngn expression during murine neurogenesis acid residues ( Figure 1A ). We named this gene neurogenin (ngn), based on its gain-of-function phenotype will be reported elsewhere. Interestingly, a comparison of the expression of ngn and NeuroD expression on (see below). Within the bHLH domain, NEUROGENIN shows 67% identity to NeuroD and is closely related adjacent serial sections revealed that the two genes appear to be sequentially expressed in overlapping reto other mammalian bHLH proteins including MATH2/ Nex-1 (Bartholomä and Nave, 1994; Shimizu et al., 1995) , gions. In the ventral spinal cord, for example, ngn mRNA is expressed throughout the ventricular zone, in regions KW8 (Kume et al., 1996) , and MATH1 (Akazawa et al., the ventricular zone that contains migrating neuroblasts (Ramó n y Cajal, 1995) (Figures 2A and 2B, arrowheads) . Ectopic X-NGNR-1 Expression Induces Ectopic However both genes show a similar dorso-ventral reNeurogenesis and Endogenous striction in their domains of expression within the spinal NeuroD, but Not Vice-Versa cord (except that NeuroD is not expressed below the The observation that expression of X-ngnr-1 temporally roof plate). A similar spatial segregation is seen in the and spatially prefigures the expression of XNeuroD, mesencephalic-diencephalic region (Figures 2C and 2D,  taken together with the sequence homology between arrows). The lateral displacement of ngn and NeuroD the two genes, led us to test whether expression of mRNAs is also observed at E10.5-E11.5, the earliest X-NGNR-1 like that of XNeuroD is sufficient to induce stage at which expression of either gene can be depremature and/or ectopic primary neurogenesis. We tected; expression of both genes declines around E16 therefore injected X-ngnr-1 mRNA into one blastomere (data not shown). These data suggest that NEUROof two-cell stage embryos and examined the pattern of GENIN and NeuroD may function sequentially in comneurogenesis after further development by whole mount mon regions of the murine nervous system. in situ hybridization using a probe for N-tubulin, a neu-A similar spatial overlap but temporal displacement ron-specific marker in Xenopus . was found for the expression of X-ngnr-1 and XNeuroD
The distribution of ␤-galactosidase activity translated in Xenopus. For example, at St. 12, X-ngnr-1 expression from a coinjected lacZ mRNA was used to assess the is observed in three broad patches within the neural overall distribution of the injected mRNAs in each indiplate ( Figure 3A ), that demarcate the medial, intermedividual embryo. Two types of negative controls were ate, and lateral territories where primary motorneurons, used: the uninjected side of the same embryo, and sepainterneurons and sensory neurons, respectively, will rate embryos injected only with lacZ mRNA. later differentiate ( Figure 3F , m, i, and l). Expression of Overexpression of X-ngnr-1 mRNA caused extensive X-ngnr-1 within these patches is scattered. In contrast, ectopic neurogenesis within the neural plate (100% of no XNeuroD expression is yet detected at this stage embryos examined; Ն 100 embryos injected). At St. 13.5, ( Figure 3B ), nor have any primary neurons yet differentifor example, nearly every cell on the injected side of the ated ( Figure 3C ). XNeuroD mRNA can be detected at embryo appeared to express N-tubulin, whereas on the St. 13.5, in narrow rows of cells (Figure 3E, m, i, and l) uninjected side the three stripes of primary neurogenlocated within the three domains of primary neurogenesis were clearly distinguishable ( Figure 4A , cf. con veresis that are apparent at St. 14 ( Figure 3F , m, i, and l).
sus inj sides); moreover within these stripes the distribuAt St.13-13.5, X-ngnr-1 is expressed in a similar region tion of neurons was more scattered than on the injected of the neural plate but in many more cells than XNeuroD side. In addition to the increased extent of neurogenesis, ( Figure 3D) . A similar sequential expression of X-ngnr-1 the timing of neuronal differentiation was accelerated and XNeuroD is seen in the trigeminal placode (Figures on the injected side, so that N-tubulin ϩ cells were seen 3A and 3D-3F, arrows). Thus in Xenopus as in mouse, on the injected side at St. 12.5, a time at which no expression of neurogenin/X-ngnr-1 preceeds but spaexpression of this marker was detected on the contralateral control side (data not shown). Moreover, X-ngnr-1 tially overlaps that of NeuroD/XNeuroD. . Elongation factor-1␣ (EF-1␣) serves as a control for RNA loading skin (arrow) and the entire anterior region (arrowhead). A similar (Ferreiro et al., 1994 indicates carrier tRNA control, while "Control" animal caps represents RNA from animals caps cultured from uninjected embryos.
also caused ectopic neuronal differentiation in regions did induce ectopic neurogenesis as previously reported of nonneurogenic ectoderm that flank the neural plate.
( Lee et al., 1995) ( Figure 4D ). These data suggest that The consequence of this can be most easily observed at the neurogenic phenotype of X-ngnr-1 mRNA-injected St. 24-26 (tail bud stage), where supernumerary neurons embryos may reflect an induction of endogenous XNeuare observed within the epidermis ( Figure 4F, arrow) .
roD and suggest that the sequential expression of these Extensive ectopic neurogenesis was also observed in two genes during Xenopus neurogenesis reflects a unithe most anterior part of the embryo, where for example directional cascade in which the former induces tranthe eye was missing and replaced by amorphous neural scription of the latter. tissue ( Figure 4F, arrowhead) . In these respects, the To ensure that the ectopic neurogenesis promoted phenotype of X-ngnr-1 mRNA-injected embryos apby injection of X-ngnr-1 RNA was not a secondary conpeared similar or identical to that previously reported sequence of induction of mesodermal tissue, we perfor XNeuroD (see also Figure 4D ).
formed animal cap experiments. Animal caps from emThe fact that overexpression of X-ngnr-1 yielded an bryos injected in both blastomeres with various RNAs XNeuroD-like phenotype, coupled with the fact that enat the 2-cell stage were dissected and allowed to dedogenous X-ngnr-1 expression temporally precedes velop in vitro, after which time they were assayed for and overlaps that of XNeuroD, suggested that the latter expression of various marker mRNAs by RNase protecmight be a target of transcriptional activation by the tion (Ferreiro et al., 1994) . As expected from the whole former. To test this, embryos injected with X-ngnr-1 mount in situ analysis, injection of X-ngnr-1 RNA caused mRNA were hybridized with an XNeuroD probe. A masinduction of expression of N-tubulin mRNA ( Figure 5B , sive, ectopic induction of endogenous XNeuroD mRNA lane 3). No mesodermal induction was detected under was observed in X-ngnr-1 mRNA-injected embryos these conditions, by criteria of expression of either mus-(100% of embryos examined; > 50 embryos injected)
cle-specific actin mRNA ( Figure 5B , lane 2) (Ferreiro et (Figure 4B , inj side). The extent of ectopic expression al., 1994) or Xenopus brachyury ( Figure 5A , lane 3), both was similar to that observed with an N-tubulin probe of which markers were induced by culturing the caps in ( Figure 4A ). By contrast, injection of XNeuroD mRNA activin as a positive control ( Figures 5A and 5B, lanes did not increase the expression of endogenous X-ngnr-1 2). These data indicate that the promotion of neurogenesis by X-NGNR-1 is not an indirect result of mesoderm mRNA ( Figure 4C ; cf. con versus inj sides), although it induction. Moreover they demonstrate that X-NGNR-1 is able to directly convert naive nonneurogenic ectoderm to neural tissue, since in animal caps cultured on their own no neural induction occurs ( Figure 5B , lane 1) and the tissue instead develops into epidermis (Gurdon, 1987) .
The effect of X-NGNR-1 was also compared to that of noggin (Smith and Harland, 1992) in the animal cap experiments. Noggin, which promotes neural induction (Lamb et al., 1993) induced expression of NCAM ( Figure  5B , lane 4), a marker of undifferentiated neural tissue (Kintner and Melton, 1987), but not of N-tubulin, a marker of differentiated neurons (Oschwald et al., 1991; Chitnis et al., 1995) . X-NGNR-1, by contrast, induced expression of both NCAM and N-tubulin mRNAs ( Figure 5B, lane  3) . These data are consistent with the idea that noggin promotes neuralization but is insufficient for neuronal differentiation (Ferreiro et al., 1994) , while X-NGNR-1 promotes both neuralization and consequent neuronal differentiation.
X-NGNR-1 Expression Precedes, and Can Activate Expression of, X-Delta-1
The foregoing data indicated that X-ngnr-1 is expressed earlier than XNeuroD and is capable of inducing expression of XNeuroD as well as of promoting ectopic neurogenesis. Thus, like NeuroD, X-NGNR-1 can exert a neuronal determination function when overexpressed. But can X-NGNR-1 normally play this role in vivo? To address this question, we examined the timing of X-ngnr-1 expression relative to that of X-Delta-1. In Xenopus as in Drosophila, X-Delta-1 encodes a lateral inhibitory ligand that controls a choice between neuronal and nonneuronal fates . By definition, therefore, 6B, arrowhead). By midgastrulation (St. 11.5), both (E) injection of X-ngnr-1 mRNA induces ectopic expression of en-X-ngnr-1 ( Figure 6C ) and X-Delta-1 ( Figure 6D ) mRNAs dogenous X-Delta-1 mRNA on the injected (inj) side of a St. 13.5 can be detected in three distinct patches within the embryo. (F) control injection of lacZ mRNA alone has no effect on X-Delta-1 neural plate ( Figures 6C and 6D , m, i, and l), prefiguring expression.
the regions where primary neurogenesis will occur. Within these regions, the domain of X-ngnr-1 expression appears to encompass that of X-Delta-1. At the same idea, injection of synthetic X-ngnr-1 RNA induced ectopic expression of endogenous X-Delta-1 mRNA (100% stage, X-ngnr-1 expression can be observed in the presumptive trigeminal placode ( Figure 6C, arrow) , where of embryos examined; Ն 50 embryos injected) ( Figure  6E , inj side), whereas control injections of lacZ mRNA X-Delta-1 mRNA is not yet detectable ( Figure 6D, arrow) . At neither of these stages is expression of XNeuroD had no such effect ( Figure 6F , inj side). Thus, like the proneural genes in Drosophila, X-ngnr-1 can activate detected (data not shown). These data indicate that expression of X-ngnr-1 precedes that of X-Delta-1 in both expression of a lateral inhibitory ligand that controls a choice between neuronal and nonneuronal fates, within the CNS (neural plate) and the PNS (trigeminal placode), whereas XNeuroD is not expressed until after X-Delta-1. a group of developmentally equivalent cells. In Drosophila, the proneural genes (achaete-scute) activate expression of Delta (Hinz et al., 1994; Kunisch XNotch1 ICD Inhibits Both the Expression and Function of X-NGNR- 1 et al., 1994) . The fact that expression of X-ngnr-1 precedes but spatially overlaps that of X-Delta-1 sugIn Drosophila, the expression of achaete-scute is restricted to sensory organ precursor cells by lateral inhibgested, therefore, that the former might be capable of activating expression of the latter. In support of this itory interactions mediated by Notch and Delta (Ghysen et al., 1993) . This suggested by analogy that the scattered expression of X-ngnr-1 might reflect its restriction to subsets of neural precursors by lateral inhibition. Three different experiments support this idea. First, injection of a dominant-active form of Notch (Struhl et al., 1993) (the intracellular domain, or ICD), which inhibits primary neurogenesis ( Figure 7C ; cf. arrowhead [inj side] versus arrow [control side]), also repressed the expression of endogenous X-ngnr-1 mRNA (18/18 embryos tested) ( Figure 7A ; cf. arrowhead versus arrow); in contrast control injections of lacZ mRNA had no such effect (data not shown). Conversely, blocking lateral inhibition by injection of a dominant-negative form of X-Delta-1 (X-Delta-1 Stu ; Figure 7D , arrowhead) caused an apparent increase in the density of strongly X-ngnr-1-positive cells, as well as a slight expansion of the X-ngnr-1-positive domain in 60% of injected embryos (31/50 embryos tested) ( Figure 7B ; cf. arrowhead versus arrow). In contrast such an effect was not seen in control lacZ-injected embryos (except in one isolated case out of 39 embryos examined). This second result suggested that the density of X-ngnr-1-expressing cells within each domain of primary neurogenesis is normally limited by lateral inhibition. The fact that exogenous Notch ICD is, moreover, able to strongly suppress endogenous X-ngnr-1 expression ( Figure 7A ) supports the idea that this lateral inhibition is mediated, at least in part, by endogenous X-Notch genes.
To determine whether Notch-mediated signaling can inhibit the function as well as the expression of X-ngnr-1, exogenous X-ngnr-1 mRNA was coinjected with either lacZ mRNA or lacZ mRNA plus Notch ICD mRNA. An inhibition of X-ngnr-1-promoted ectopic neurogenesis was observed with high penetrance (27/29 embryos tested) (cf. Figures 7E and 7F, arrowheads) . However, within the injected side of the experimental embryos, the inhibition of neurogenesis showed variable expressivity and appeared most complete in those regions that received the highest amount of the coinjected mRNAs (as deter- with N-tubulin probes at St. 13.5. Note that ectopic neurogenesis is expression within this territory is, moreover, scattered, inhibited by Notch ICD (F, arrowhead), in regions receiving the highest levels of injected RNAs (light blue staining), but that some ectopic and our data suggest that this reflects a restriction of its neurogenesis is still seen in other parts of the injected side (F, arrow). expression to subsets of neuronal precursors by lateral By contrast ectopic neurogenesis on the injected side of embryos inhibition. Specifically, we have shown that X-NGNR-1 receiving X-NGNR-1 plus lacZ is relatively uniform (E, arrowhead).
activates expression of X-Delta-1; that its expression and function can be inhibited by Notch-mediated signaling; and that dominant-negative X-Delta-1 can increase however, is that X-ngnr-1 expression appears scattered from the very earliest stages, whereas achaete-scute expression within the proneural clusters initially appears relatively uniform (Cubas et al., 1991) ; the reason for this difference is not yet clear.
The observation that X-ngnr-1 both activates, and is inhibited by, the lateral inhibitory circuitry raises the paradox of how a neurogenic phenotype can nevertheless be obtained by overexpressing this gene. The simplest answer is that the injected X-ngnr-1 RNA bypasses X-Notch-mediated transcriptional repression ( Figure  7B ) of the endogenous X-ngnr-1 gene. However, our data suggest that Notch is also able to inhibit the function of X-NGNR-1 translated from exogenous RNA (Figure 7F ), either by a posttranscriptional mechanism or by inhibiting expression of X-NGNR-1 target genes. Nevertheless, this inhibition appears to require high levels of X-Notch ICD expression, being strongest in those regions that contain the highest level of coinjected RNAs ( Figure  7F ). In the situation where X-ngnr-1 RNA alone is injected ( Figure 7E ), the level of endogenous X-Notch signaling may be simply insufficient to override the large amounts 
Inhibition and Neuronal Determination
The model draws heavily on analogies to Drosophila (Ghysen et al., 
Relationship of XASH-3 and X-NGNR-1 1993). X-NGNR-1 initially activates expression of X-Delta-1 and is
Xash3 is the only other neural bHLH gene that is known inhibited by signaling through X-Notch (left side of diagram). The to be expressed as early as X-ngnr-1 in the neural plate inhibition of X-ngnr-1 expression may be mediated by Suppressor (Zimmerman et al., 1993) . The available evidence, how- (Chitnis and Kintner, 1996) . neural plate where primary neurons form, Xash-3 is expressed in an "intermediate" zone of the neural plate that may in fact correspond to the sulcus limitans (Zimthe density of X-NGNR-1-expressing cells. We have also merman et al., 1993) . Second, the activity of XASH3 in shown that X-NGNR-1 activates expression of a downectopic expression studies appears to be different from stream bHLH gene, XNeuroD, which in turn promotes that of X-NGNR-1. For instance, ectopic expression of neuronal differentiation. Together, these data suggest XASH-3 at high levels causes an expansion of neural that X-NGNR-1 functions at an early stage in neuronal tissue (Ferreiro et al., 1994; Turner and Weintraub, 1994) , determination to control the choice of a neuronal fate a phenotype never observed with X-NGNR-1. While ecby uncommitted cells of the neural plate, perhaps analatopic expression of XASH-3 can also induce ectopic gously to the proneural genes in Drosophila (Figure 8) .
neuronal differentiation, it does so only when lateral inhibition is also blocked using the dominant-negative X-NGNR-1 Interacts Genetically with the Lateral X-Delta-1, and only then within the posterior neural plate Inhibition Machinery of Xenopus (Chitnis and Kintner, 1996) . X-NGNR-1 does not have The initial expression of X-ngnr-1 occurs in three territorsimilar restrictions in its activity and can promote neuroies (medial, intermediate, and lateral) that demarcate the genesis anteriorly and outside the neural plate. Finally, domains in which primary neurogenesis will eventually although exogenous XASH-3 is sensitive to lateral inhibioccur . Our data suggest that within tion mediated by X-Notch-1 and X-Delta-1 (Chitnis and these territories, lateral inhibition restricts X-ngnr-1 Kintner, 1996) , there is no evidence that endogenous expression to a limited number of neuronal precursor Xash-3 expression is normally regulated by such inhibicells. As X-NGNR-1 approaches a threshhold level in tion. Thus, X-ngnr-1 fulfills more of the criteria expected some precursors, it activates expression of X-Delta-1; for a gene whose activity defines the "proneural" do-X-Delta-1 in turn represses expression of X-NGNR-1 mains wherein primary neurons arise in the neural plate. in neighboring cells, preventing them from acquiring a Whether XASH-3 also contributes to primary or secondneuronal fate (Figure 8 ). As X-NGNR-1 expression beary neurogenesis, but in different cells or at a different comes restricted to presumptive neuronal precursors, step in the pathway as X-NGNR-1, remains to be deterit leads (directly or indirectly) to expression of XNeuroD mined. (Figure 8 ) and execution of the neuronal differentation program. Thus the genetic circuitry linking X-ngnr-1 and X-NGNR-1 Performs Two Distinct and Temporally the lateral inhibition machinery is very similar to that Separated Functions which links the proneural and neurogenic genes in Dro-
In our experiments, injection of X-ngnr-1 mRNA results in the induction of both X-Delta-1 and XNeuroD. During sophila (Ghysen et al., 1993) . One apparent difference, normal development, however, expression of XNeuroD differentiation factors are less sensitive to inhibitors than are determination factors (Weintraub, 1993) . However, is delayed relative to that of X-Delta-1. How is the sequential expression of these two putative target genes such a differential sensitivity to inhibitors has not been demonstrated in myogenesis, although MyoD function of X-NGNR-1 normally achieved? One possibility is that X-Delta-1 requires a lower threshhold of X-NGNR-1 accan be inhibited by Notch ICD (Kopan et al., 1994) . X-NGNR-1 and XNeuroD do not appear differentially tivity than XNeuroD to be activated and that it takes time for X-NGNR-1 to accumulate to levels sufficient to sensitive to inhibition by coinjected X-Notch ICD , in sideby-side comparisons (Ma et al., unpublished data) . It is induce XNeuroD. Another explanation is that a cofactor is required together with X-NGNR-1 to activate XNeuroD nevertheless possible that these genes are differentially sensitive to direct inhibition by Notch signaling, but at and that expression of this cofactor is delayed ( Figure  8) . Precedent for such a temporal separation of tranthe transcriptional level; however, this is currently difficult to test since inhibition of X-NGNR-1 expression by scription factor functions is found during motherdaughter segregation in yeast, where the Swi5 protein Notch ICD indirectly prevents expression of XNeuroD. A differential sensitivity of XASH-3 and XNeuroD to lateral acts first to activate ASH1 expression (which in turn blocks Swi5p function in daughter cells; Bobola et al., inhibition has been demonstrated (Chitnis and Kintner, 1996) , but as mentioned earlier it is not clear how 1996; Sil and Herskowitz, 1996) , and later to activate HO expression in mother cells. The delay in HO activation by XASH-3 fits into the X-NGNR-1-XNeuroD cascade. The determination function proposed for X-ngnr-1 Swi5p reflects an induction of the necessary coactivators Swi4p and Swi6p (Amon, 1996) . Interestingly, in may, therefore, primarily reflect the developmental context in which this gene is expressed. Expression of both Xenopus neurogenesis and yeast the temporal separation provides a time window for these determinative X-ngnr-1 in neuroectodermal cells confers competence to participate in the process of lateral inhibition, via factors (Swi5p or X-NGNR-1) to provide an inhibitory signal to neighboring or daughter cells, while allowing induction of X-Delta-1 expression. However, this state of competence is insufficient to allow neuronal differenthem to later promote an alternative fate cell-autonomously.
tiation, precisely because the expression and function of X-NGNR-1 are sensitive to lateral inhibition. While increased expression of X-NGNR-1 imposes a bias toDetermination versus Differentiation Genes wards the neuronal state, this state is unstable until We have documented a sequential expression of ngn subsequent events render the cell insensitive to further and NeuroD mRNAs during both murine and Xenopus inhibition. The nature of the events that stabilize the neurogenesis and, in the latter system, have further neuronal state and commit the cell irreversibly to neudemonstrated a unidirectional functional cascade for ronal differentiation remains to be established. these genes. Thus in Xenopus neurogenesis, as in mammalian skeletal myogenesis and Drosophila neurogen-
Experimental Procedures
esis, structurally related bHLH proteins function in cascades (Jan and Jan, 1993). The timing and location of Isolation of neurogenin and X-ngnr-1 cDNA Clones NeuroD expression have previously been suggested to Random-primed cDNA template prepared from E13.5 rat embryonic reflect a function for this gene in neuronal differentiation DRGs was subjected to 40 cycles of PCR (1Ј at 94ЊC; 2Ј at 45ЊC; 2Ј at 65ЊC). The 5Ј primers are an equimolar mixture of 5ЈCGCGGATCC(A/ , perhaps analogous to that of myogenin
